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INTRODUCTION 
Ultrasonics has proven to be an effective method for detecting a variety of defects in 
gas transmission pipes including cracks, wall thinning and corrosion pits. The use ofLamb 
waves for the detection of defects and in situ process monitaring applications has been 
successfully pursued for many years [1-6]. The use of a laser-based Ultrasound (LBU) 
inspection technique to detecti defects is attractive because of the potential for rapid inspection 
of large areas and because it is noncontact with large standoff distances. Owing to its 
noncontacting and remote nature, the LBU technique is being investigated as an alternative 
technology to piezoelectric transducers or electromagnetic acoustic transducers (EMATs) for 
the rapid nondestructive inspection of pipelines. Currently, the preferred methods for 
introducing ultrasonic waves into the pipe are by using a piezoelectric transducer in a liquid-
filled wheel or an EMAT. In field use, the wheel or the EMAT is attached to a moveable 
platform (known as a pig), which travels along the length of the transmission line. The wheel 
must maintain contact with the pipe wall during the inspection. Although the EMA T is a 
noncontact sensor, it must be operated close to the pipe's surface. The contact and near-
contact requirements can result in a loss of data when pipe irregularities such as dents or 
joints between sections cause the wheel or the EMA T to Iift off from the surface of the pipe. 
The liquid-filled wheel uses longitudinal waves that propagate into the wall of the pipe. For a 
complete inspection of the pipe' s circumference, many wheels must be used. The EMAT 
generates a Lamb wave in the wall of the pipe that can be directed either circumferentially or 
axially along the pipe. Although the LBU technique also uses Lamb waves, unlike EMAT 
systems, the detection sensitivity ofthe LBU system does not decrease with increased 
separation from the part. However, a potential difficulty for LBU techniques isthat Lamb 
waves are a family of guided waves that exist in plate-like structures, and a large number of 
modes of vibration may coexist in a given plate thickness. A Iaser that has been focused to a 
spot or line represents a broadband Lamb wave source in both the temporal and spatial 
frequency domains, which Ieads to the simultaneous excitation of many modes. 
Consequently, LBU techniques for generating Lamb waves have generally been pursued 
only when the lowest order symmetric or asymmetric mode was needed, probably because 
these modes are generated and detected with the greatest efficiency and thus offer a de facto 
mode selection mechanism since these modes dominate the others that may be present. W e 
previously demonstrated [7] a mechanism for efficiently generating and selecting a single 
Lamb wave mode using simulated arrays. In this paper, we describe the implementation of a 
Iaser array for the generation of Lamb waves. We also present some preliminary results of a 
study of the characteristics of Lamb wave modes to identify suitable modes for detecting 
defects in pipelines. The features that are important include the generation and detection 
efficiency of the Lamb wave modes, the mode' s energy distribution, and the velocity 
dispersion of the waves. 
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HARDWARE IMPLEMENTATION OF SPATIAL ARRA YS FOR LAMB WA VE 
GENERATION 
Wehave investigated several approaches for simultaneous production ofN equally 
spaced Iaser bearns to form an array of thermoelastic sources for the generation of Lamb 
waves. These methods include multiple optical fibers, holographic elements, lenslet arrays 
and diffraction gratings. By far the simplest approach was to pass the generation Iaser beam 
through a single optical element that could simultaneously project multiple Iaser lines. The 
element selected for the array formation must be low loss to minirnize Iaser beam attenuation 
and must also be made from a material that can withstand the high peak powers associated 
with the pulsed generation Iaser. Holographie elements and lenslet arrays are a more suitable 
option than conventional diffraction gratings since these techniques allow equal energies to be 
obtained in each element of the array. Furthermore, by using a variable focus system in 
conjunction with a holographic or lenslet array, the projected array spacing can be accurately 
and continuously controlled for optimal adjustment to generate a single mode Lamb wave. 
The most appropriate method for obtaining an array of generating Iaser beams appears 
to be the use of a special type of binary diffraction grating known as a Darnmann grating. The 
Dammann grating transforms a single input Iaser beam into a series of diverging Iaser beams 
which have approximately equal energies and equal angular spacing between them [8]. The 
particular grating that we have selected is etched into a fused silica substrate so it can 
withstand the high peak power from the generation Iaser and is designed to create 8 
generation Iaser beams. Each of the generated bearns has the same wavefront characteristics 
as the incident source beam. In the manufacture of this type of grating the even orders are 
suppressed, so that the lines generated correspond to the odd diffraction orders only. Fora 
normal angle of incidence, which has been used in these studies, the angular Separation 
between adjacent diffracted orders is given by the grating equation: 
(1) 
where d is the grating line spacing, <l>d is the total diffraction angle of the mth diffracted order, 
A. is the Iaser wavelength and m is the diffracted order number. Since the even orders are 
suppressed by the Dammann grating design, m = ±1, ±3, ±5 and ±7 are the predominant 
lines produced by the grating used in the experiments reported here. 
If cylindrical focusing optics are used, an equispaced generating array of laser lines can 
be projected onto the sample surface. Each of the resulting Iaser lines acts as a source of 
Lamb waves. The experimental configuration projects the 8 Iaser lines, generated by 
illumination of the Darnmann grating, onto the surface of a plate and the resulting Lamb 
waves are detected with a singleprobe Iaser line. A typical waveform (Fig. 1) obtained using 
this experimental configuration clearly shows the 8 strong signals associated with the 
generating array. For demonstration purposes, the array element spacing is large ( -1.57 mm) 
so that the discrete Lamb wave signals can be observed. The observed variation in the 
amplitude of the 8 lines is -±30%. A small additional signal in the center of the waveform 
results from zeroth order leakage through the grating and is -10 dB below the average 
amplitude of the signals in the 8 dominant lines. It is expected that this can be further reduced 
by optimization of the optical alignment. 
CONTINUOUSL Y TUNABLE GRATING SP ACING 
The generation of a particular Lamb mode requires a specific array element spacing that 
depends on the plate thickness. An optical analysis shows that a design that uses two lenses 
plus the Darnmann grating can provide a continuous adjustment of the array element spacing 
by changing only the distance between the Darnmann grating and the sample. This design 
decouples the adjustment of the element spacing, the element length and the focusing of the 
Iaser array lines at the sample surface. This maximizes the flexibility and control of the 
experimental configuration and thus allows accurate parametric studies of the array 
performancetobe made. The optical configuration (Fig. 2), shows the in-line placement of a 
f= -150 mm plano-concave cylindricallens, a f=100 mm plano-convex sphericallens and 
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Figure 1 W aveform resulting from an 8 element array of Lamb wave sources with a spacing 
of -1 .57 mm. 
the Dammann grating. The etched lines of the Dammann grating are oriented out of the plane 
of the paper, the orientation of the cylindricallens has no effect on the optical beam in the 
plane of the paper, while the sphericallens produces focusing of the lines in the array in the 
plane of the paper. Assurning the input beam is collimated, the lines are focused at the focal 
plane of the sphericallens since the Dammann grating does not affect the focusing of the 
optical wavefront. Using a 1 x 8 Dammann grating, the incident Iaser beam is transformed 
into 8 separate beams, 4 of which are shown in Fig. 2. Changing the distance between the 
cylindricallens and the sphericallens allows the length of each array line e1ement tobe 
accurate1y controlled. An optical subassembly based on this design has been fabricated and 
successfully implemented. Continuous variation of the spacing of the 1aser lines projected 
onto the sample surface has been demonstrated. This implementation allows line spacings in 
the range from - 0.1 to 1.0 mm tobe obtained without vignetting the input Iaser beam at the 
Dammann grating, which has a relatively small active area of 8 mm x 8 mm. 
SIMULATION OF 8 ELEMENT RECEIVE ARRA Y 
In the work reported previously [7], a Iaser generation array and a Iaser receive array 
were simulated by incrementally increasing the separation between a single line source and 
single line receiver with the increment selected to obtain an array with a specific spacing. 
Implementation of a hardware array by using the Dammann grating to form the generation 
array means that now only the receive array needs to be simulated to perform single Lamb 
wave mode selection. The summation procedure for the N-element generation and detection 
arrays requires the collection ofN waveforms corresponding to the N different propagation 
paths that can exist between the elements of the generation array and the simulated detection 
array (Fig. 3). Note that for optimum constructive reinforcement of the desired Lamb wave 
modes, it is important to acquire the data using the same spacing for the simulated receive 
array as is chosen for the generation array. 
Cylindricallens Sphericallens Sampie 
Figure 2 Design of an optical subassembly for producing an array of Iaser lines with an 
adjustable spacing between them. The length and width of the lines can also be adjusted. 
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Figure 3 Schematic diagram of the experimental method used to acquire data for the 
synthesis of the spatial array used for restricting the spatial bandwidth of the Iaser beams. 
The experiments were performed on a 1.46 mm thick alurninum plate. A series of 
ultrasonic Lamb waveforms were acquired to sirnulate an 8 element receiving Iaser array with 
the element-to-element spacing of760 J.l.m chosen to match that set by the generation array. 
Figure 4 shows the temporal waveform and the frequency spectrum resulting from this 
configuration. In cantrast to the broadband excitation, tht? use of the Iaser array clearly results 
in the concentration of the ultrasonic Lamb wave energy into a few spatial frequency bands, 
which are shown in Fig. 4b as well-resolved Lamb wave modes. 
INTERACTION OF LAMB W A VES WITH DEFECTS 
As mentioned in previous sections, the LBU system is capable of generating a particular 
Lamb mode which allows selection of an optimum Lamb mode for the inspection. The 
criteria for selection of an optimum mode becomes evident by considering the following three 
important characteristics ofLamb modes. I) lt must be possible to efficiently generate and 
detect the mode using LBU techniques. 2) The distribution of the power flow through the 
thickness of the pipe wall must allow interaction with the defect type that is of interest. 
3) The frequency dispersion must be kept low to prevent excessive distortion and attenuation 
of a broadband pulse as it propagates. Our goal is to identify modes that satisfy these criteria 
and to use them to inspect pipes. To this end, we have obtained a software program, 
DISPERSE™ [9], that allows the calculation of a variety of characteristics of Lamb waves 
propagating in a two-dimensional isotropic medium with multiple layers. In addition to the 
dispersion curves, the program calculates the phase and group velocities and the relative 
distribution of the modal energy within the plate. This latter feature is helpful in selecting an 
appropriate operating point to detect specific defect types such as cracks, external corrosion, 
or internal corrosion. 
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Figure 4 a) Temporal waveform obtained from an 8 element generation array having an 
element separation of -760 J.1.ffi and detected by a simulated receive array having the same 
spacing and nurober of elements. b) Frequency spectrum associated with this waveform. 
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The generation and detection efficiency of a given mode can be determined from 
knowledge of the modal admittance, the stresses induced by the thermoelastic generation 
process, and the out-of-plane displacement of the resulting Lamb wave. A much easier 
method for displaying the generated Lamb wave modes has been demonstrated using the 2D 
FFf technique described by Alleyne and Cawley [10]. The data is acquired by using a Q-
switched Nd: Y AG Iaser focused to a line to generate Lamb waves. A cw argon-ion Iaser also 
focused to a line is used, in conjunction with a 0.5 m spherical Fabry-Perot interferometer, to 
detect the Lamb waves. The plate was steel with a thickness of 3.175 mm. The input 
waveforms for the 2D FFf are acquired by incrementally increasing the spacing between the 
source and receiver, with the increment selected to produce a Nyquist spatial frequency that 
will allow display of modes of interest without aliasing. This set of waveforms is arranged 
into a matrix with the spatial coordinate, x, along one direction and the time along the other 
direction. This results in a two-dimensional display of the dispersion diagram depicting the 
Lamb wave modes that have been generated in the plate. For this experiment, a series of 100 
waveforms was acquired with a spatial increment of 0.5 mm between them. Each waveform 
contained 5001 data points with a sampling interval of 10 ns. The resulting 2D FFf of this 
data (Fig. 5) has been superimposed on the numerically calculated Lamb wave dispersion 
curves of the first nine symmetric and asymmetric modes in steel. These curves were 
calculated for a plate thickness of 3.175 mm, a longitudinal velocity of 6010 rnls, and a shear 
wave velocity of 3320 m/s. The maximum wavenumber, k, for the experimental data is 
12 rad/mm lirnited by the spatial sampling increment. The data was truncated at 6 MHz along 
the temporal frequency axis. The results show that the LBU technique for Lamb wave mode 
excitation has successfully generated portians of both the symmetric and asymmetric Lamb 
wave modes up to mode 7. The fit with the numerically calculated curves is excellent. The 
amplitude of the experimental dispersion curves is indicated by the gray scale, with black 
corresponding to the highest amplitudes. The amplitude is a measure of the total system 
response, which includes both the generation and detection efficiencies. As an example of 
how other characteristics of a specific modal operating point can be deterrnined, the 
displacements for an arbitrarily selected point on asymmetric mode 4 have been calculated 
using DISPERSE™ and arealso shown in Fig. 5. 
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Figure 5 Two-dimensional FFT of experimental data superimposed on the numerically 
calculated Lamb wave dispersion curves for a 3.175 mm thick steel plate. The displacements 
for a point on the asymmetric mode 4 curve are shown. 
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Generally, to efficiently detect a defect with a Lamb wave mode, the mode should have 
a significant amount of its energy concentrated in the region of the pipe wall containing the 
defect. This energy will interact with the defect and produce a reflected signal. A useful 
analytic approach for choosing an optimum mode is to calculate the distribution of the mode' s 
power flow across the thickness of the pipe wall. This power flow distribution can then be 
used to approximately estimate the reflected power from a defect. The power flow in the 
direction of propagation is the most significant component determining the strength of the 
reflected signaland is given by [11] 
(3) 
where V and T are Velocity and stress fields respectively and n is a unit vector in the 
direction of propagation. The power flow for the Ao and So modes at frequencies of 4 and 8 
MHz is plotted in Fig. 6a. This calculation and the following calculations assume that the 
curvature of the pipe can be neglected so that the results are the same as for a flat plate. 
The strength of the "defect signal" depends on the amount of power reflected from the 
defect. An approximation for the power reflection coefficient for a defect can be obtained by 
assuming the reflected signal amplitude from a surface breaking crack is proportional to the 
crack's depth. The reflected power from the crack can be approximately written as 
I 
Pcrack(l) = r(l)Po = J Pl (x)dx (4) 
0 
where l is the defect depth, r(l) is the defect's power reflection coefficient, and P0 is the 
averagepower density across the pipe wall width. Knowledge of r(l) for one or more 
frequencies can be used to estimate the depth of a surface-breaking crack. Assuming that the 
generation of the Lamb modes is taking place on the inner wall of the pipe, the power density 
for the combined Ao+So modes is concentrated at the inner surface of the pipe wall with very 
little energy at the outer surface. Consequently although the amount of power reflected from a 
relatively shallow defect on the inner side is significant, the amount of power reflected from a 
defect located on the outer surface of the pipe wall is nearly zero (Fig. 6b ). It is evident that 
these modes are not suitable for detecting flaws on the outer surface of the pipe wall. 
To inspect for flaws that may be located on either side of the pipe wall, higher order 
modes must be used. For instance, the power distribution for the S 1 mode is symmetric 
across the pipe wall (Fig. 7a). Consequently, an isolated St mode can probably be used 
effectively to detect defects on either side of the pipe wall. This is confurned by calculation of 
the reflected power when an S1 mode interacts with a crack-like defect (Fig. 7b). Since the 
mode has a symmetric power distribution, the reflected power is identical for defects located 
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Figure 6 a) Power flow for combined Ao and So modes at 4 and 8 MHz. b) Power 
reflection coefficient, r(l), for Ao + So modes interacting with the defects at inner and the 
outer walls of a pipe as a function of defect depth at a frequency of 4 MHz. 
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Figure 7 a) Power flow in the direction of propagation for the S 1 mode at 4 MHz. b) Power 
reflection coefficient, r(l) for a S1 mode interacting with a defect as a function of defect 
depth. The curve is the same regardless of whether the defect is on the inner or outer surface 
of the pipe wall. 
at the inner or outer surfaces. The particular operating point on the S 1 mode will be 
determined by the considerations of the efficiency with which the mode can be generated and 
detected with the LBU system and the frequency dispersion. 
To demoostrate the defect detection capabilities ofthe LBU system, experiments were 
performed on an aluminum plate having a thickness of 1.39 mm. A defect was simulated 
with an EDM notch having a depth of 380 11m, which corresponded to 27% of the plate 
thickness. The EDM notch is present on the near surface of the plate where the Lamb waves 
are generated by the array of 8 Iaser beam line sources described previously. The receiving 
Iaser beam for this experiment is only a single line source, which is located between the 
generation array and the defect (Fig. 8). UHrasonie waveforms were acquired for an array 
line Separation of 720 11m. A digital filterwas used to isolate the Ao and So modes. The 
resulting waveform (Fig. 9) clearly shows three echoes, which are identified as the direct 
signal propagating from the generation array to the detection Iaser line; the signal reflected 
from the defect, which is located 6 mm from the detection Iaser line; and the signal from the 
back edge of the plate, which is located at a distance of 20 mm from the detection Iaser line. 
CONCLUSIONS 
Wehave successfully demonstrated the use of areal-time Iaser array for generating 
single mode Lamb waves. The progress in implementing an array with continuously tunable 
line spacing has allowed optimization and selection of Lamb waves suitable for detecting 
crack-like defects. Detection of a 380 !lffi deep EDM notch which was present on the same 
side of the plate as the Iaser generation array has been demonstrated. 
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Figure 8 Schematic diagram for experimental acquisition of signals from a crack-like defect. 
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Figure 9 Waveform displaying echoes of Ao and So modes from a crack-like defect. 
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